In areas where levels of transmission of Plasmodium falciparum are high and stable, the age-related acquisition of high-level immunoglobulin G (IgG) antibodies to preerythrocytic circumsporozoite protein (CSP) and liver-stage antigen 1 (LSA-1) has been associated with protection from clinical malaria. In contrast, age-related protection from malaria develops slowly or not at all in residents of epidemic-prone areas with unstable low levels of malaria transmission. We hypothesized that this suboptimal clinical and parasitological immunity may in part be due to reduced antibodies to CSP or LSA-1 and/or vaccine candidate blood-stage antigens. 
Areas of unstable low malaria transmission such as the highlands of East Africa are characterized by a persistent risk of clinical malaria in older children and adults (13) , whereas in areas with stable high-level transmission, the risk of clinical malaria decreases markedly after the age of 3 to 5 years (30) . Immunoglobulin G (IgG) antibodies to a number of vaccine candidate antigens including the preerythrocytic antigens circumsporozoite protein (CSP) (19) , liver-stage antigen 1 (LSA-1) (19, 23) , and thrombospondin-related adhesive protein (TRAP) (29) ; the blood-stage antigen merozoite surface protein 1 (MSP-1) (5, 9, 26, 27) ; and the blood-stage and preerythrocytic antigen apical membrane antigen 1 (AMA-1) (24, 26) have been associated with protection from clinical malaria in areas of stable transmission. The acquisition of IgG antibodies to these antigens also strongly correlates with increasing age (6, 12, 15, 25, 27, 29) . However, the development of antimalarial antibodies in relation to age and protection from clinical disease in areas of unstable transmission has not been well characterized.
We have recently demonstrated that in an area of Kenya with stable transmission, the presence of high-level IgG antibodies to three preerythrocytic antigens, CSP, LSA-1, and TRAP, correlates positively with protection from infection in adults (15) and from clinical malaria in children (19) . The association with protection from infection and disease was attributable largely to antibodies to CSP and LSA-1. We therefore hypothesize that one reason for the higher risk of clinical malaria in older children and adults in areas of unstable transmission might be a relatively low frequency and/or level of IgG antibodies to CSP and LSA-1. To test this hypothesis, we measured IgG antibody frequencies and levels of IgG antibody to CSP and LSA-1 in individuals aged 2 to 84 years with divergent malaria exposure in Kenya. In addition, we quantified and compared in the two populations of IgG antibodies to other Plasmodium falciparum antigens under consideration as vaccine candidates, including the preerythrocytic-stage antigen TRAP and blood-stage antigens erythrocyte binding antigen 175 (EBA-175), MSP-1, and AMA-1.
bites per person per year (3) . In contrast, Kipsamoite in Nandi District is located in an epidemic-prone highland area characterized by unstable malaria transmission during the prolonged interepidemic periods (10) , with an estimated entomological inoculation rate of Ͻ1 infectious bite per person per year (C. C. John, unpublished data). This cross-sectional study was conducted in August 2001 at a time of relatively high malaria incidence in the highland area (14) and stable malaria incidence in the lowland area. Blood was collected by venipuncture from adults (10 to 20 ml) and children (5 ml). Microscopy was performed to determine blood-stage infection, as previously described (16) . Individuals were recruited through local barasas or meetings across the study sites, where information about the study was provided. Individuals who had attended the barasa or discussed the study with field assistants were eligible to join the study. Field assistants were asked to enroll specific numbers of individuals from each village in each site to allow a proportional geographic representation of each overall site. Field assistants went to households chosen randomly from a list of households in each village and asked if individuals were interested in participating in the study. Enrollment for each village was completed when the required numbers from each village were enrolled. Written informed consent was obtained from the study participants or the parents or guardians of individuals under 18 years of age prior to sample collection. Ethical approval was obtained from the Ethical Review Committee at the Kenya Medical Research Institute and the Human Investigations Institutional Review Board at Case Western Reserve University and the University Hospital of Cleveland.
Antigens and peptides. The presence of IgG antibodies to CSP and LSA-1 was tested using previously observed immunogenic central repeat sequence peptides: the (NANP) 5 repeat peptide (7) and LAKEKLQGQQSDLEQERLAKEKLQE QQ-SDLEQERLAKEKLQ (LSA-Rep) (11) for CSP and LSA-1, respectively. The presence of IgG antibodies to TRAP, AMA-1, EBA-175, and MSP-1 was tested using recombinant antigens. Recombinant P. falciparum TRAP (3D7) was expressed in Escherichia coli and provided by one of the authors (D. E. Lanar). The gene fragment encoding amino acids D48 to K394 was PCR amplified from the 3D7 strain of parasite genomic DNA using gene-specific sense and antisense primers. Recombinant AMA-1 (ectodomain, nonglycosylated) and EBA-175 (nonglycosylated) were expressed in Pichia pastoris and provided by one of the authors (D. E. Lanar). Recombinant MSP-1 19 protein corresponding to the E-KNG variant was expressed in Saccharomyces cerevisiae (21) and provided by the Malaria Research and Reference Reagent Resource Center (Manassas, VA). In previous testings in this area, IgG antibodies from adult sera most frequently recognized the E-KNG variant (C. C. John, unpublished data).
Antibody measurements. IgG antibodies were measured by enzyme-linked immunosorbent assay (ELISA). The CSP and LSA-1 peptides were dissolved in 0.01 M phosphate-buffered saline (PBS) to a concentration of 10 g/ml, and recombinant antigens were dissolved in 0.01 M PBS to concentrations of 0.1 g/ml (AMA-1 and EBA-175), 0.2 g/ml (MSP-1), and 0.5 g/ml (TRAP). Fifty microliters of antigen solution was added to Immulon-4 plates (Dynex Technologies, Chantilly, VA). Following overnight incubation at 4°C, washing with PBS-0.05% Tween 20, and blocking in 5% (wt/vol) nonfat powdered milk in PBS, duplicate 50-l samples of serum diluted 1:100 in 5% powdered milk were added to wells and incubated for 2 h at room temperature. After washing with PBS-0.05% Tween 20, 50 l of alkaline phosphatase-conjugated goat anti-human IgG (Jackson ImmunoResearch, West Grove, PA) diluted 1:1,000 in 5% powdered milk was added and removed after 1 h. After extensive washing with PBS-0.05% Tween 20, p-nitrophenylphosphate was added in accordance with the manufacturer's instructions (Sigma Chemical Co., St. Louis, MO). The optical density (OD) was measured at 405 nm. Previous titrations of serum at concentrations of 1:100, 1:200, and 1:1,000 showed that for all antigens, ODs were highest at a concentration of 1:100.
Antibody values were expressed in arbitrary units (AU), which were calculated by dividing the OD generated by the test sample by the mean OD plus three standard deviations of samples from 40 North Americans never exposed to malaria. Individual sera from nine North American control subjects with OD values representative of the 40 North American malaria-naïve samples were used on each plate. OD values greater than 1.0 AU were considered to be positive. OD values corresponding to 1.0 AU for CSP, LSA-1, TRAP, AMA-1, EBA-175, and MSP-1 were 0.144, 0.079, 0.110, 0.183, 0.089, and 0.091, respectively.
Statistical analysis. To determine the significance of antibody frequencies and levels in each age group across the two transmission sites, 2 analysis and the Wilcoxon rank-sum test were used, respectively. To determine the significance of the trend of antibody frequencies and levels in populations across the four age groups for each site, the 2 
RESULTS
Study demographics and prevalence of parasitemia. A total of 210 and 243 serum samples were collected from asymptomatic individuals in areas of stable and unstable malaria transmission, respectively. Individuals from the two areas were divided into four age groups: 2 to 5 years, 6 to 15 years, 15 to 40 years, and Ͼ40 years. Microscopy results were available for 193 and 227 of the individuals in the areas of stable and unstable transmission, respectively. In the area of stable malaria transmission, 126 of 193 individuals (65.3%) were infected with P. falciparum by microscopic examination of blood smear, while in the area of unstable transmission, 3 of 227 asymptomatic individuals (1.3%) were infected with P. falciparum. Sixteen of 193 individuals (8.3%) in the area of stable transmission were infected with Plasmodium malariae; in 13 of these 16 individuals (81.2%), this was a coinfection with P. falciparum. No individuals in the area of unstable transmission were infected with Plasmodium malariae. No P. vivax or Plasmodium ovale infections were seen at either site.
Antibody frequency and levels in an area of stable malaria transmission. In the area of stable malaria transmission, IgG antibodies to all antigens (CSP, LSA-1, TRAP, AMA-1, EBA-175, and MSP-1) were present in a majority (Ն50%) of individuals from all age groups when the cutoff for positive responses was set at Ͼ1 AU (Fig. 1a) . At least 80% of individuals 15 years of age or older had positive responses to CSP, TRAP, and AMA-1, and antibodies to all six antigens were present in Ͼ72% of individuals older than 40 years of age. Antibody frequencies increased with age for all antigens, with approximately 90% of adults older than 40 years of age possessing antibodies to the preerythrocytic antigens CSP, LSA-1, and TRAP and with 85% of adults having antibodies to AMA-1. However, the increase with age was statistically significant only for CSP, LSA-1, and EBA-175 because of the high proportion of children already antibody positive for TRAP, AMA-1, and MSP-1 (Fig. 1a) .
In earlier studies in the area of high transmission, we observed that IgG levels of Ͼ2 AU for both CSP and LSA-1 were associated with protection from clinical malaria in children (19) . For this reason, levels of IgG of Ͼ2 AU for the preerythrocytic and blood-stage antigens were assessed in the two sites. The proportions of individuals with an IgG level of Ͼ2 AU was still greater than 30% for all antigens in the youngest age group, with more than 75% of individuals older than 40 years of age having IgG frequencies of Ͼ2 AU for each of the preerythrocytic antigens (CSP, LSA-1, and TRAP) (Fig. 2a) . Ninety-one of 210 individuals (43.3%) in this area of stable transmission had IgG levels of Ͼ2 AU for both LSA-1 and CSP, including 30 of 47 individuals (63.8%) older than 40 years of age. Levels of IgG antibodies increased significantly with age for CSP, LSA-1, and TRAP but not MSP-1, AMA-1, or EBA-175 (Table 1) .
Levels of IgG antibody to LSA-1 were significantly correlated with levels of IgG antibody to CSP, TRAP, EBA-175, and MSP-1 ( Table 2 ). In addition to LSA-1, levels of IgG antibody to EBA-175 were also significantly correlated with levels of antibodies to TRAP and AMA-1 (⌻able 2 29, 29 .50], respectively; P ϭ 0.008) than did those without parasitemia. Levels of IgG antibodies to LSA-1, TRAP, AMA-1, and EBA-175 did not differ according to the presence or absence of P. falciparum parasitemia (data not shown).
Antibody frequencies and levels in an area of unstable malaria transmission. In the area of unstable transmission, the proportion of antibody-positive individuals at a cutoff of an AU of Ͼ1 was significantly lower in every age group for the preerythrocytic antigens (CSP, LSA-1, and TRAP) and the preerythrocytic/blood-stage antigen (AMA-1) (Fig. 1b) than those from the stable transmission area. This was particularly evident in the case of CSP, to which only 13% of adults over 40 years of age were antibody positive, whereas approximately 65% of children in the stable transmission area were antibody positive. Frequencies of IgG antibodies to MSP-1 were lower in the area of unstable transmission only in children younger than 15 years of age and similar between sites in adults, while frequencies of antibodies to EBA-175 did not differ for any age group between the two sites. The frequency of IgG antibodies to P. falciparum antigens in the unstable transmission area increased with age for all antigens except CSP and LSA-1 (Fig. 1b) .
Frequencies of IgG levels of Ͼ2 AU were particularly low for LSA-1 and CSP, even in the oldest individuals. Less than 10% of individuals above the age of 40 years had IgG levels of Ͼ2 AU for CSP, and less than 30% had IgG levels of Ͼ2 AU for LSA-1 (Fig. 2b) . Only 8 of 243 individuals (3.3%) in the unstable transmission area had IgG levels of Ͼ2 AU for both CSP and LSA-1, including 4 of 69 individuals (5.8%) over the age of 40 years.
Levels of antibody to the preerythrocytic antigens CSP, LSA-1, and TRAP and the preerythrocytic/blood-stage antigen AMA-1 were significantly lower in the area of unstable malaria transmission at all ages than those from the stable transmission area, whereas median levels of antibody to EBA-175 and MSP-1 were lower in children under 15 years of age but not adults (Table 3) , and median levels of antibody to EBA-175 were marginally higher in adults greater than 40 years of age in the area of unstable transmission than in those in the area of stable transmission (P ϭ 0.05) ( Table 3 ).
In the unstable transmission area, levels of IgG antibody to all antigens correlated significantly with each other except for antibodies to EBA-175 and CSP (Table 4 ). Too few individuals were P. falciparum parasitemic in this area to allow a comparison of levels of IgG antibodies to the various antigens in parasitemic versus nonparasitemic individuals.
To assess whether saturation in binding might be occurring for antibodies to blood-stage antigens at a plasma dilution of 1:100, we performed additional testing on randomly chosen plasma samples from adults Ͼ40 years of age in the areas of stable (n ϭ 40) and unstable (n ϭ 40) transmission at a plasma dilution of 1:1,000. Adults Ͼ40 years of age were chosen because these individuals would be expected to have the highest antibody levels in both areas. Although the levels in AU varied somewhat between the samples diluted 1:100 and those diluted 1:1,000, the magnitude of differences in levels of IgG antibodies to AMA-1, EBA-175, and MSP-1 between individuals in areas of stable and unstable transmission was very similar at 1:100 and 1:1,000 dilutions (Table 5 ). In addition, the frequency of individuals in each site with IgG antibodies to a specific antigen did not differ significantly for any antigen at a 1:100 versus a 1:1,000 dilution (Table 6 ). In summary, similar levels and frequencies of antibodies to MSP-1 and EBA-175 were seen in adults in the areas of stable and unstable transmission whether assessed at a 1:100 or a 1:1,000 dilution (levels of antibodies to EBA-175 were actually marginally higher in adults in the area of unstable transmission at both dilutions). Thus, the data suggest that adults in these areas truly have similar frequencies of antibodies to EBA-175 and MSP-1 and that this finding is not an artifact of measuring these antibodies at a plasma dilution of 1:100.
DISCUSSION
In areas of Africa with stable, high-level transmission, clinical immunity to malaria develops by the age of 3 to 5 years (30), with infrequent episodes of mild malaria and very few episodes of severe malaria occurring after this age. In highland areas of Africa where malaria transmission is low and stable, older children and adults continue to be at a significant risk for clinical malaria, although the risk is somewhat lower than that for young children (13) . Our earlier studies documented that the presence of high-level IgG antibodies to three preerythrocytic-stage antigens, CSP, LSA-1, and TRAP, correlates with protection from P. falciparum infection in adults (15) and clinical malaria in children (19) and that the majority of this protection is associated with high-level IgG antibodies to both CSP and LSA-1. In the present study, we document that only 3.3% of those individuals living in an area of unstable malaria transmission had high-level IgG antibodies to both CSP and LSA-1, compared to 44.3% of those from an area with stable malaria transmission. Taken together, these findings suggest that the persistent risk of clinical malaria in older children and adults in areas of unstable transmission may relate in part to the absence of high-level IgG antibodies to CSP and LSA-1.
The immune correlates of protection from malaria that develop with age in areas of stable transmission are still incompletely characterized, but several studies demonstrated a cor- 19 can differentiate between short-and long-term trends in malaria transmission; that antibodies to MSP-1 19 , once acquired, are very long-lived; and that antibody isotypes for the antigens tested relate to age and transmission intensity (8, 32) . The present study findings contrast with the Tanzanian study findings in important ways. The present study documents much higher frequencies of antibodies to MSP-1 19 in the area of unstable transmission than were documented by Drakeley et al. in areas with similar parasite prevalence (8), particularly in individuals aged 15 to 40 years. Since the antibody testing methods used were similar, differences might be due to the different expression vectors used for recombinant forms of MSP-1 19 in the two studies (S. cerevisiae in the present study and E. coli in the study by Drakeley et al.) (8) and the effects of these differing expression vectors on antigen conformation. Differences in the antigenic variants of MSP-1 19 tested are not likely to explain the differences in antibody frequency, as we previously documented that levels of IgG antibody to the four major variants of MSP-1 19 are highly correlated in both populations (C. C. John, unpublished data). The present study suggests that the prevalence of antibody to MSP-1 19 may be higher than previously estimated for sites of very low transmission. This finding will need to be confirmed in future studies. The present study also assessed antibodies to both preerythrocytic and blood-stage antigens, while the Tanzanian studies assessed only antibodies to blood-stage antigens. The key finding of the present study, that differences in levels of antibodies to preerythrocytic (CSP, LSA-1, and TRAP) or preerythrocytic/blood-stage (AMA-1) antigens between areas of differing transmission intensity were far more pronounced than were those to the blood-stage antigens MSP-1 19 and EBA-175, has not previously been reported. Further studies are required to document if these differences are antigen specific or are seen with many or all preerythrocytic compared to blood-stage antigens.
The present study results suggest that repeated, frequent infection appears to be the major determinant of high-level IgG antibodies to the preerythrocytic antigens and AMA-1 but that high-level IgG antibodies to the blood-stage antigens EBA-175 and MSP-1 may develop over time even with infrequent exposure. Additional evidence to support this contention is provided from previously reported studies by our group demonstrating that limited annual exposure did not lead to an increase in anti-CSP antibodies in an area of unstable transmission (20) and that high-level antibodies to LSA-1 were induced in young children in an area of high-level transmission (33) but were infrequent in children and adults in an area of unstable transmission (18) .
The prior association of IgG antibodies to CSP and LSA-1 with protection from P. falciparum infection and disease in our stable transmission study site (15, 19) and the striking paucity of these high-level antibodies in the area of unstable transmission, even in adults, suggest that these responses may be important in protection from infection and disease. The success of the CSP-based RTS,S vaccine in inducing protection from clinical malaria due to P. falciparum in 35% of children over an 18-month period (1) supports the idea that an immune response to CSP is important for the development of clinical immunity to malaria. Indeed, studies of RTS,S in nonimmune volunteers (22) as well as immune individuals (4) documented that vaccine-inducted protec- (24, 26, 29) suggest that lower levels of antibodies to these antigens in the area of unstable transmission could be part of the reason for impaired clinical immunity in adults in this area. Although IgG antibody frequencies and levels were similar for MSP-1 19 and EBA-175 in adults in the stable and unstable transmission areas, it is still possible that antibodies to blood-stage antigens provide a degree of protection to adults in areas of unstable transmission but that the much greater degree of protection seen in adults in areas of stable transmission is due to protection associated with immunity to preerythrocytic and blood-stage antigens. Alternatively, it may be that the assessment of the functional activity of antibody to blood-stage antigens is a better marker for protection than antibody level. Our earlier studies documented that invasion-inhibitory antibodies to MSP-1 19 were associated with protection from P. falciparum infection in a different highland area (17) , supporting the role of functional antibodies to blood-stage antigens in protection from infection. We are in the process of assessing the relationship of antibody levels and functional antibodies to the risk of clinical (symptomatic) malaria in this study area. Antibody subclasses may also be important for determining protection from clinical malaria, and we are currently assessing IgG subclasses in a subset of this population.
Study limitations include the number of study sites (two), which did not allow an assessment of antibodies across a full transmission gradient, and the cross-sectional study design, which does not allow an assessment of relationships between antibodies and malaria risk in the study populations. Furthermore, even in a longitudinal risk assessment study, the extreme paucity of individuals with high-level antibodies to CSP and LSA-1 (3.3%) in the area of unstable transmission would have precluded any estimates of risk association without a much larger sample size. For this reason, we can only indirectly infer that a lack of high-level antibodies to CSP and LSA-1 may be associated with an increased risk in this population based on our earlier findings for the population of stable transmission. Ongoing longitudinal studies with a larger sample size aim to assess the association between antibodies to multiple preerythrocytic and blood-stage antigens with protection from disease. Finally, the lack of complete randomization in recruitment may have led to a selection bias for individuals with recent malaria exposure in the two areas. Thus, we cannot exclude the possibility that the individuals studied may have higher levels of antibody to the antigens studied than the general population. If this were the case, it might in part explain the higher frequency of antibodies to MSP-1 19 seen in this study than what was seen in the study described previously by Drakeley et al. (8) , but it also suggests that antibodies to CSP and LSA-1 in the general population were even lower than documented in this study.
In conclusion, the present study demonstrates that antibody levels and frequencies in areas of differing transmission vary according to antigen. The study specifically demonstrates low frequencies of high-level antibodies to preerythrocytic (CSP, LSA-1, and TRAP) or preerythrocytic/blood-stage (AMA-1) antigens in an area of unstable, very low transmission but similar frequencies of high-level antibodies to the blood-stage antigens MSP-1 and EBA-175 in very-low-and very-hightransmission settings. In light of the protection associated with high-level antibodies to CSP and LSA-1 in areas of stable transmission, it is possible that the persistent risk of clinical malaria in older children and adults in areas of unstable transmission may be due in part to a lack of these antibodies. However, further studies are required to evaluate the association of antibodies to preerythrocytic and blood-stage antigens with malaria risk in populations of unstable transmission and to elucidate the mechanisms underlying the differences in frequencies of antibody to these antigens in areas of differing transmission intensities. 
